Abstract Astrocytes play a key role in modulating synaptic transmission by controlling extracellular gamma-aminobutyric acid (GABA) levels via GAT-1 and GAT-3 GABA transporters (GATs). Using primary cultures of rat astrocytes, we show here that a further level of regulation of GABA uptake occurs via modulation of the GATs by the adenosine A 1 (A 1 R) and A 2A (A 2A R) receptors. This regulation occurs through A 1 R-A 2A R heteromers that signal via two different G proteins, G s and G i/0 , and either enhances (A 2A R) or inhibits (A 1 R) GABA uptake. These results provide novel mechanistic insight into how GPCR heteromers signal. Furthermore, we uncover a previously unknown mechanism where adenosine, in a concentrationdependent manner, acts via a heterocomplex of adenosine receptors in astrocytes to significantly contribute to neurotransmission at the tripartite (neuron-glia-neuron) synapse.
Introduction
Astrocytes modulate synaptic transmission as they can release and uptake neurotransmitters [1] and, therefore, finetune the balance between excitation and inhibition. Gammaaminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central nervous system, where it plays a crucial role in the control of excitability [2] , plasticity [3] , and network synchronization [4] . These actions depend on changes in the extracellular concentrations of GABA, which are under control of GABA transporters (GATs) expressed both in neurons and astrocytes [5, 6] . Cortical astrocytes express GAT-1 and GAT-3 subtypes and it has been estimated that approximately 20 % of extracellular GABA may be taken up into astrocytes [7] .
Astrocytes release large amounts of ATP, which is then hydrolysed into adenosine by the action of ectonucleotidases [see, e.g., 1]. Extracellular adenosine operates through G-protein coupled receptors. In the case of neural cells, the A 1 (A 1 R) and A 2A (A 2A R) receptor subtypes are those that are most likely activated by basal levels of extracellular adenosine. The A 1 R is often inhibitory and couple to G i/0 proteins, while the A 2A R is usually coupled to G s proteins, enhancing cAMP accumulation and PKA activity [see, e.g., 8] . A 1 R and A 2A R receptors may closely interact in such a way that activation of A 2A R receptors can lead to inhibition of A 1 R-mediated responses [9] [10] [11] . Some interactions may occur at the functional and transducing system levels [see, e.g., 12] but energy transfer assays in the form of bioluminescence resonance energy transfer (BRET) and fluorescence resonance energy transfer (FRET) have identified the presence of A 1 R-A 2A R heteromers in immortalized transfected cells [13] . In addition, the A 1 R-A 2A R heteromers have been identified in presynaptic membranes via co-immunoprecipitation experiments and it has been shown that these heteromers modulate glutamate release from presynaptic nerve terminals [13] . Taken together, these data strongly suggest a putative role of A 1 R-A 2A R heteromers in neurons. However, direct evidence for A 1 R-A 2A R heteromerization in neural cells is, still lacking.
Due to the role of astrocytes in overall GABA transport, a first aim of the present work was to clarify whether A 1 R and A 2A R modulate GAT-1-and/or GAT-3-mediated GABA transport into astrocytes. We detected a tight interaction between A 1 R and A 2A R, including evidence for crossantagonism, a biochemical property often demonstrated for receptor heteromers [14] . In addition, we found A 1 R-A 2A R receptor heteromers in astrocytes. We found these heteromers couple to two different G proteins, G s and G i/0 , both regulating GABA transport in an opposite way, with the A 1 R protomer mediating inhibition of GABA transport and the A 2A R protomer mediating facilitation of GABA transport into astrocytes. This A 1 R-A 2A R receptor functional unit may, therefore, operate as a dual amplifier to control ambient GABA levels at synapses.
Material and methods
All animal procedures were carried out according to the European Community Guidelines for Animal Care (European Communities Council Directive-86/609/EEC). Throughout the underlying experimental work, care was taken to minimize the number of animals used.
Cell lines and primary astrocytic cultures
The astrocytes were prepared from the cortex of newborn (P1-P2) Wistar rats of either sex. Briefly, rat brains were dissected out of pups and cortex were isolated and the meninges and white matter were removed. Cortex was dissociated gently by grinding in Dulbecco's modified Eagle's medium (DMEM) medium, filtered through a cell strainer and centrifuged at 200 g for 10 min. The pellet was resuspendend in DMEM and filtered. The cells were then seeded and kept for 4 weeks in DMEM containing 10 % (v/v) fetal bovine serum with antibiotic (Sigma) in a humidified atmosphere (5 % CO2) at 37°C. CHO cells clones expressing A 1 R, A 2A R or both were obtained and cultured as previously indicated [15] . HEK-293T cells were grown in DMEM (Gibco) supplemented with 2 mM L-glutamine, 100 U/ml penicillin/streptomycin, and 5 % (v/v) heat inactivated fetal bovine serum (all supplements were from Invitrogen, Paisley, Scotland, UK). Cells were maintained at 37°C in an atmosphere of 5 % CO 2 , and were passaged when they were 80-90 % confluent, i.e., approximately twice a week.
[ 3 H]GABA uptake Assays were performed in a nonsupplemented low-glucose DMEM. Astrocytes were preincubated with adenosine deaminase (ADA) for 15 min before adding the test drugs, except when otherwise indicated; test drugs were added and incubation continued for further 20 min. GABA uptake was initiated by the addition of 30 μM [ 3 H]GABA (except otherwise specified). Transport was stopped after 40 s with 2 ml of ice-cold PBS. The amount of [ 3 H]GABA taken up by astrocytes was quantified by liquid scintillation counting. GAT-1-and GAT-3-mediated transports were calculated through the subtraction of the amount of GABA taken up in the presence of the specific blocker of GAT-1, SKF 89976A (20 μM) or the specific blocker of GAT-3, SNAP 5114 (40 μM), respectively, to the total transport.
Expression vectors and cell transfections
The human cDNAs for A 2A R and A 1 R, cloned into pcDNA3.1 were amplified without their stop codons using sense and antisense primers harboring unique EcoRI and BamHI sites to clone A 2A R in RLuc vector and EcoRI and KpnI to clone A 1 R in EYFP vector. The amplified fragments were subcloned to be in-frame into restriction sites of pcDNA3.1RLuc (pRLuc-N1 PerkinElmer, Wellesley, MA, USA) and pEYFP-N1 (enhanced yellow variant of GFP; Clontech, Heidelberg, Germany) to give the plasmids that express A 1 R or A 2A R fused to RLuc or YFP on the Cterminal end of the receptor (A 2A R-RLuc and A 1 R-YFP). The cDNA encoding the serotonin 5HT 2B -YFP fusion protein was kindly provided by Dr. Irma Nardi (University of Pisa, Italy). Expression of constructs was tested by confocal microscopy and the receptor functionality by second messengers, ERK1/2 phosphorylation and cAMP production as described previously [16, 17] . HEK-293T cells or 2-week cultured primary astrocytes growing in six-well dishes were transiently transfected with the corresponding fusion protein cDNA by the polyethylenimine (PEI, Sigma) method. Cells were incubated (4 h) with the corresponding cDNA together with PEI (5.47 mM in nitrogen residues) and 150 mM NaCl in a serum-starved medium. After 4 h, the medium was changed to a fresh complete culture medium. Forty-eight hours after transfection, cells were washed twice in quick succession in HBSS with 10 mM glucose, detached, and resuspended in the same buffer containing 1 mM EDTA. To control the cell number, sample protein concentration was determined using a Bradford assay kit (Bio-Rad, Munich, Germany) using bovine serum albumin dilutions as standards. Cell suspension (20 μg of protein) was distributed into 96-well microplates; black plates with a transparent bottom were used for fluorescence determinations, while white plates were used for BRET experiments.
Immunocytochemistry
For immunocytochemistry with primary cultures of astrocytes, cell were incubated with ADA (1 U/ml) for 15 min, fixed in 4 % paraformaldehyde for 20 min, and washed with PBS containing 20 mM glycine (buffer A) to quench the aldehyde groups. Then, after permeabilization with 10 % normal goat serum containing 0.3 % Triton X-100 for 5 min, cells were treated with PBS containing 1 % bovine serum albumin. After 1 h at room temperature, astrocytes were incubated with antibodies rabbit anti-GAT-1 (1:100; kindly provided by N. Brecha, UCLA) and mouse anti-GFAP (1:800; Sigma) or rabbit anti-GAT-3 (1:200; kindly provided by N. Brecha, UCLA) and mouse anti-GFAP (1:800; Sigma) antibodies for 3 h at RT. After washes, astrocytes were stained with the secondary antibodies for 1.5 h at RT FITCconjugated anti-rabbit IgG (FI-1000) and TRITC-conjugated anti-mouse IgG (T-2762; Vector Laboratories). Dishes were then mounted, air-dried, and coverslipped using Vectashield mounting medium (H-1000; Vector). For immunocytochemistry with transiently transfected HEK-293T cells, cells treated as indicated in figure legends, were fixed and permeabilized as indicated above. Cells expressing A 2A R-RLuc were labeled with the primary mouse monoclonal anti-RLuc antibody (1:100, Chemicon) for 1 h, washed, and stained with the secondary antibody Cy3 Donkey anti-mouse (1:100, Jackson Immunoresearch Laboratories, Baltimore, PA, USA). A 1 R-YFP was detected by its fluorescence properties. Samples were rinsed and observed in a Leica SP2 confocal microscope (Leica Microsystems, Mannheim, Germany).
Western blot
For A 1 R and A 2A R detection, primary astrocytes were rinsed with ice-cold phosphate-buffered saline and lysed in 8 M urea, 2 % SDS, 100 mM DTT, 375 mM Tris, and pH 6.8 by heating to 37°C for 2 h and resolved by SDS-PAGE. Proteins were transferred to poly(vinylidene) difluoride membranes using a semidry transfer system and immunoblotted with the primary antibodies mouse anti-A 2A antibody (1:1,000; Upstate) or rabbit anti-A 1 antibody (1:1,000; ABR05). The blots were then incubated with a secondary horseradish peroxidaseconjugated rabbit anti-mouse IgG antibody (1:2,500) or goat anti-rabbit IgG antibody (1:60,000). The immunoreactive bands were developed using a chemiluminescent detection kit. For GAT-1 and GAT-3 detection, the primary cultures of astrocytes were mechanically lysed with sucrose-containing buffer (sucrose 0.32 M, EDTA 1 mM, HEPES 10 mM, bovine serum albumin 1 mg/ml, pH 7.4). To clarify, the homogenate was centrifuged (13,000 g, 10 min) and the supernatant was collected. After denaturation (by Laemmli buffer heated at 95°C for 5 min), the extracts were run on a 10 % acrylamide gel. Protein was transferred to a nitrocellulose membrane by electroblotting. Western blotting was performed using the anti-GAT-1 (1:100) and anti-GAT-3(1:200), kindly provided by N. Brecha, UCLA. After exposure to secondary antibody (peroxidase anti-rabbit (1:250) Vector; Burlingame, CA, USA), bands were visualized by BioRad Chemidoc and Quantity One software.
BRET assays
Primary astrocytes or HEK-293T cells were transiently cotransfected with a constant amount of the cDNA encoding for receptors fused to RLuc, and with increasingly amounts of the cDNA corresponding to receptors fused to YFP (see figure legends). To quantify receptor-YFP expression cells (20 μg protein) were distributed in 96-well microplates (black plates with a transparent bottom) and fluorescence was read in a Fluo Star Optima Fluorimeter (BMG Labtechnologies, Offenburg, Germany) equipped with a high-energy xenon flash lamp, using a 10-nm bandwidth excitation filter at 400 nm reading. Receptor fluorescence expression was determined as fluorescence of the sample minus the fluorescence of cells expressing the BRET donor alone. For BRET measurements, the equivalent of 20 μg of cell suspension were distributed in 96-well microplates (Corning 3600, white plates; Sigma) and 5 μM coelenterazine H (Molecular Probes, Eugene, OR, USA) was added. After 1 min of adding coelenterazine H, the readings were collected using a Mithras LB 940 that allows the integration of the signals detected in the short wavelength filter at 485 nm (440-500 nm) and the long wavelength filter at 530 nm (510-590 nm). To quantify receptor-RLuc expression, luminescence readings were also performed after 10 min of adding 5 μM coelenterazine H. The net BRET is defined as [(long wavelength emission)/(short wavelength emission)]−Cf where Cf corresponds to [(long wavelength emission)/(short wavelength emission)] for the donor construct expressed alone in the same experiment. BRET is expressed as mili-BRET units, mBU, (net BRET×1,000).
Radioligand binding experiments
Four-week cultured primary astrocytes were disrupted with a polytron homogenizer (PTA 20 TS rotor, setting 3; Kinematica, Basel, Switzerland) for three 5-s periods in 10 volumes of 50 mM Tris-HCl buffer, pH 7.4 containing a proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA). Cell debris was eliminated by centrifugation at 1,000×g, and membranes were obtained by centrifugation at 105,000 g (40 min, 4°C). Pellet was resuspended and recentrifuged under the same conditions. Membranes were stored at −80°C and were washed once more as described above and resuspended in 50 mM Tris-HCl buffer for immediate use. Competition experiments were performed by incubating (120 min) membranes (0.18 mg protein/ml) at 25°C in 50 mM Tris-HCl buffer, pH 7.4, containing 10 mM MgCl 2 and 0.2 U/ml adenosine deaminase with 0.8 nM Free and membrane-bound ligand were separated by rapid filtration of 500 μl aliquots in a cell harvester (Brandel, Gaithersburg, MD, USA) through Whatman GF/C filters embedded in 0.3 % polyethylenimine that were subsequently washed for 5 s with 5 ml of ice-cold Tris-HCl buffer. The filters were incubated with 10 ml of Ecoscint H scintillation cocktail (National Diagnostics, Atlanta, GA, USA) overnight at room temperature and radioactivity counts were determined using a Tri-Carb 1600 scintillation counter (PerkinElmer, Boston, MA, USA) with an efficiency of 62 % [18] . Radioligand displacement curves were analyzed by nonlinear regression using commercial program GRAFIT (Erithacus Software, Surrey, UK) as indicated previously [13] .
For quantification of GTP activity, GDP (10 μM) was added to the primary astrocytic membranes and incubated on ice for 10 min. Membranes were incubated at 37°C for 10 min with ADA (1 U/ml) before the addition of DPCPX or SCH 58261 antagonists and after 10 min, the [
35 S]GTP-γ-S (1 nM) and the tested drugs were added and incubate for 30 min at 37°C. Membranes were collected and solubilised and the antibodies were added: 5 μg of anti-G α i-3 (sc-262), 10 μg of anti-G α S (sc-6766), or 10 μg of anti-G α q/11 (sc-392), for G i , G S and G q/11 studies, respectively. After an overnight incubation at 4°C, protein G-sepharose was added and incubated for 90 min at 4°C. The sepharose was washed five times with the solubilisation buffer and the incorporation of [
35 S]GTP-γ-S was measured by liquid scintillation.
Biotinylation assays
Astrocytes were incubated for 30 min without (control) or with the agonists or antagonist of A 1 R or A 2A R or both. When antagonist and agonist were tested together, the antagonist was added 15 min before. After, they were incubated for 1 h with 1 mg/ml Sulfo-NHS-LC-biotin (Pierce, Rockford, IL, USA) in PBS-Ca 2+ -Mg 2+ with gentle shaking. The biotin reaction was quenched with 100 mM glycine. The astrocytes were mechanically lysed with sucrose-containing buffer and centrifuged at 14,000×g for 10 min at 4°C. Biotinylated surface proteins were immunoprecipitated with avidin beads (Pierce) overnight at 4°C and centrifuged at 14,000×g for 10 min at 4°C. Avidin beads were pelleted by centrifugation at 3,000×g, 4°C, 10 min. Pellet (biotinylated fraction) was separated from the supernatant (intracellular fraction). Then, 150 μl of Laemmli buffer [70 mM Tris-HCl pH 6.8, 6 % glycerol, 2 % sodium dodecyl sulfate, 120 mM DTT (DLDithiothreitol), 0.0024 % bromophenol blue] was added to the pellet and heated to 37°C for 30 min. The avidin beads were removed by filtration. Equal volumes of each sample was loaded on gel and resolved by SDS-PAGE.
CellKey label-free assays
The CellKey system provides a universal, label-free, cellbased assay platform that uses cellular dielectric spectroscopy to measure endogenous and transfected receptor activation in real time in live cells [19] . Changes in the complex impedance (ΔZ or dZ) of a cell monolayer in response to receptor stimulation were measured. Impedance (Z) is defined by the ratio of voltage to current as described by Ohm's law (Z=V/I). CHO cell clones stably expressing A 1 R, A 2A R or both were grown to confluence in a CellKey Standard 96-well microplate that contains electrodes at the bottom of each well. For untreated cells or for cells preincubated (overnight at 37°C) with Pertussis toxin (PTx; 10 ng/ml) or cholera toxin (ChTx; 100 ng/ml), medium was replaced by HBSS buffer (Gibco) supplemented with 20 mM HEPES 30 min prior to running the cell equilibration protocol. A baseline was recorded for 5 min and then cells were treated with the A 1 R agonist CPA (10 nM) or with the A 2A R agonist CGS 21680 (10 nM) and data was acquired for the following 10 min. To calculate the impedance, small voltages at 24 different measurement frequencies were applied to treated or nontreated cells. At low frequencies, extracellular currents (iec) that pass around individual cells in the layer were induced. At high frequencies, transcellular currents (itc) that penetrate the cellular membrane were induced and the ratio of the applied voltage to the measured current for each well is the impedance. The data shown refer to the maximum complex impedance induced extracellular currents (dZiec) response to the ligand addition. , and e astrocytes were preincubated with ADA (1 U/ml) before addition of the agonists (see "Material and methods" section). In f immunohistochemistry analysis of GAT-1 is illustrated (green, upper row) and GAT-3 (green, lower row) expression by astrocytes; GFAP (red) was used as astrocyte marker; scale bar 10 μm. In g, solubilized astrocytes were analyzed by SDS-PAGE and immunoblotted using rabbit anti-GAT-1 antibody (1:100) or rabbit anti-GAT-3 antibody (1:200) (M molecular mass markers). Results in a-e are shown as mean ± SEM of four to six independent experiments. Statistical significance was calculated by one-way ANOVA followed by Bonferroni multiple comparison test (a, d, and e) or by the MannWhitney nonparametric test (b and c) 
Statistical analysis
From the indicated number of experiments/replicates, data are given as mean ± SEM. To test for statistical significance, the data were analyzed by one-way ANOVA followed by Bonferronni correction for multiple comparisons or by Mann-Whitney nonparametric test (when only two means are analyzed). Values of p < 0.05 were considered to represent statistically significance.
Results

Endogenous adenosine tonically modulates GABA uptake
To assess the role of adenosine upon GABA uptake, we first incubated the astrocytes with different concentrations of CADO, an adenosine analog with similar affinity for A 1 R and A 2 R that is resistant to hydrolysis or uptake by the cells, and in conditions where endogenous adenosine had been removed by pre-incubating the astrocytes with adenosine deaminase (ADA, 1 U/ml, see "Material and methods" section). At a relatively low CADO concentration (0.3 μM), there was an inhibition of total GABA taken up by astrocytes, while at higher concentrations (3-10 μM) CADO facilitated total GABA uptake (Fig. 1a) . This biphasic influence on GABA transport could either be due to activation of different adenosine receptors, namely A 1 R and A 2A R, or to a differential influence over the two GATs present in astrocytes, GAT-1 and GAT-3 ( Fig. 1f-g ). Hence, GAT-1 or GAT-3 activity was independently assayed (see "Material and methods" section). The removal of endogenous adenosine with ADA (1 U/ml) led to a decrease in GABA transport and this decrease was significant either when transport was mediated by GAT-1 (Fig. 1b) or by GAT-3 (Fig. 1c) , suggesting that under the present experimental conditions extracellular adenosine was tonically facilitating GAT-1 and GAT-3 activity. When endogenous adenosine had not been removed by pre-incubation with ADA, CADO at a low concentration (1 μM) already enhanced GABA transport (33±9 %, n=3, p<0.05), most probably because the effect of endogenous and the exogenous agonists is additive; at a higher concentration (10 μM) CADO caused a pronounced decrease in GABA transport (46±3 %, n=3, p< 0.05), compatible with receptor internalization due to receptor overstimulation (see below). To control occupation of adenosine receptors with known agonist concentrations and to avoid variability due to differences in endogenous adenosine in different cultures [see also 20] , all subsequent transport assays [40] b [41] c [42] d [43] were performed in cells pre-incubated with ADA (1 U/ml; see "Material and methods" section).
A 1 R activation decreased and A 2A R activation enhanced GABA uptake
Selective agonists of A 1 R and A 2A R were used to clarify the influence of the adenosine receptors upon GABA transporters. The selective A 1 R agonist, CPA (30 nM), decreased maximal velocity (V max ) of GABA transport mediated by GAT-1 (Fig. 1d) or by GAT-3 (Fig. 1e) , whereas the selective agonist for A 2A R, CGS 21680 (30 nM) enhanced V max for GAT-1 (Fig. 1d) , and for GAT-3 ( Fig. 1e) , without affecting transport (K M ) values (p>0.05, n=6). These data indicate that adenosine receptor activation modified maximum transport capacity rather than in the affinity of the transporters for GABA, and that inhibition of GAT-1 and GAT-3 is mediated by A 1 R, whereas facilitation requires A 2A R activation. To further confirm that A 1 R and A 2A R affect GABA transport in opposite ways, we used combinations of agonists and antagonists selective for either receptor (see Table 1 ). Results are summarized in Fig. 2 . CPA and CGS 21680 effect were measured in The BRET approach was used to evaluate the ability of A 1 R to heteromerize with A 2A R in astrocytes. First, the endogenous A 1 R and A 2A R expression in astrocytes was investigated by Western blot (Fig. 3a and b) . A 1 R and A 2A R expression is relatively low at 2 weeks of cell culture but increases later on. Thus, to avoid competition with endogenous receptors, BRET measurements were performed using 2-week cultured astrocytes transiently co-transfected with a constant amount of A 2A R-RLuc (7.5 μg cDNA) and increasing amounts of (Fig. 3c) . From the saturation curve, a BRET max of 94±15 mBU and a BRET 50 of 16±2 were calculated. As a negative control, the A 2A R-RLuc and serotonin 5HT 2B R-YFP pair was used. As shown in Fig. 3c , the negative control gave a linear nonspecific BRET signal, thus confirming the specificity of the interaction between A 2A R-RLuc and A 1 R-YFP in astrocyte primary cultures.
Ligand binding assays to receptor heteromers in isolated membranes usually reveal a "biochemical fingerprint" which consists of changes in ligand binding characteristics of one receptor when the partner receptor is occupied by agonist [23] . No intracellular cross-talk can occur in extensively washed disrupted membranes and therefore it can be assumed that the "fingerprint" results from intramembrane receptor-receptor direct or indirect interactions. Although an indirect approach, it is accepted as identifier of receptor heteromers in native tissues or in cells expressing the natural nonheterologous receptors [23] . Therefore, binding experiments were performed to identify native A 1 R-A 2A R heteromers in 4-week cultured astrocytes. As shown in Fig. 3d, (Fig. 3d) . Taken together, these data indicate that the biphasic [ (Fig. 3g) or A 1 R (Fig. 3h) antagonists indicating that neither agonist nor antagonist binding affected the receptor oligomerization state. In a, the expression of A 1 R and A 2A R in astrocytes after different weeks of culture was detected by western blot as indicated in methods using alfa-tubulin as loading control. Averaged densitometric analysis of immunoblots is shown in b; data are mean ± SEM of three to four determinations; statistical significance was calculated by the Mann-Whitney nonparametric test; *p<0.05 compared with 2 weeks of culture. In c, e, f, g, and h BRET saturation experiments were performed using 2 weeks cultured astrocytes (c) or HEK-293 cells (e-h) co-transfected with 1.5 μg (c) or 1 μg (e-h) cDNA corresponding to A 2A R-Rluc and increasing amounts of cDNA corresponding to A 1 R-YFP (squares) or 5HT 2B -YFP (triangles, as negative control) constructs; 2 weeks cultured astrocytes were used to minimize competition between the transfected and native receptors. In (e-h) cells were treated for 10 min with medium (squares, solid line) or with 30 nM CGS 21680 (e), 30 nM CPA (f), 50 nM SCH 58261 (g) or 50 nM DPCPX (h) (circles, dotted lines). The BRET max and BRET 50 values are shown in the inserts. Both fluorescence and luminescence of each sample were measured before every experiment to confirm similar donor expressions (about 100,000 luminescent units) while monitoring the increase acceptor expression (500-10,000 fluorescent units). Data are means ± SEM of three different experiments grouped as a function of the amount of BRET acceptor. In d competition experiments of 0.8 nM [ To test this possibility, agonist-mediated internalization of A 1 R and A 2A R was studied in astrocytes. Western blot data clearly showed that A 1 R immunoreactivity at the cell surface did not only decrease after incubation of astrocytes with the A 1 R agonist, but also after incubation with the A 2A R agonist (Fig. 4a) . This decrease was accompanied by an increase in A 1 R immunoreactivity in the intracellular fraction (Fig. 4b) . No significant changes in surface (Fig. 4c) or intracellular (Fig. 4d ) A 1 R immunoreactivity were detected upon incubation with either A 1 R or A 2 R antagonists, suggesting that, under the experimental conditions used, endogenous extracellular adenosine was not tonically inducing receptor recycling, and that receptor internalization might require receptor overstimulation (Fig. 4a, b) . Interestingly, when the A 1 R agonist was added after previous blockade of either A 1 R or A 2A R by the selective antagonists, it was no longer able to modify A 1 R immunoreactivity at the cell surface (Fig. 4e) or in the intracellular fraction (Fig. 4f) . Similarly, adding the A 2A R agonist after a previous blockade of A 1 R or A 2A R did not promote any modification of A 1 R immunoreactivity at cell surface (Fig. 4e ) or in the intracellular fraction (Fig. 4f) . It therefore becomes clear that blockade of either A 1 R or A 2A R prevents A 1 R internalization induced by exposure to A 1 R or A 2A R agonists. When testing the action of agonists in the presence of antagonists, the antagonists were added 15 min before the agonists. A 1 R expression at surface membranes (left) and intracellular fraction (right) was determined as indicated in "Material and methods" section. Data illustrated in panels e and f were obtained, in each experiment, from two gels due to sample number limitations (maximum, four per gel) of the required system (high-volume sample loading); gels from the same experiment were processed and immunoblotted together under the same conditions. Results are mean ± SEM of five independent experiments. Statistical significance was calculated by one-way ANOVA followed by Bonferroni multiple comparison test; *p<0.001 compared with control (100 %, white bar)
Co-internalization of A 1 R and A 2A R after incubation with A 1 R or A 2A R agonists was also assessed by confocal microscopy analysis of HEK-293T cells co-expressing A 1 R-YFP and A 2A R-RLuc. After exposure to either A 1 R-or A 2A R-selective agonists, intracellular A 1 R-YFP fluorescence and A 2A R-RLuc immunoreactivity markedly increased; a similar phenomenon was observed after exposure to an A 1 R agonist but not after exposure to A 1 R or A 2A R antagonists (Fig. 5) . Collectively, these results indicate that A 1 R and A 2A R do internalize together in response to A 1 R-or A 2A R-selective agonist binding.
The A 1 R-A 2A R heteromer is coupled to G i/0 and G s proteins To figure out which G protein(s) is (are) coupled to the A 1 R-A A R heteromer, [ 35 S] GTP-γ-S binding assays followed by immuno-precipitation using antibodies against different G proteins (G s , G i/0 , and G q/11 ) were performed. The approach is similar to that reported by Rashid and colleagues to identify G q/11 coupling to the dopamine D 1 -D 2 receptor heteromer [24] . As illustrated in Fig. 6a (left panel) , the A 1 R-selective agonist (CPA, 30 nM) but not the A 2A R-selective agonist CGS 21680 (30 nM) significantly increased the G i/0 activity, an effect unpredictably prevented by the A 2A R selective antagonist. In what concerns G s activity (Fig. 6a, middle panel) , it was enhanced by the A 2A R selective agonist CGS 21680 (30 nM), but not by the A 1 R agonist, CPA (30 nM); again, and unpredictably, the effect of the A 2A R agonist was fully abolished by the A 1 R antagonist, DPCPX (50 nM). None of the adenosine receptor agonists affected G q/11 activity, which was enhanced by acetylcholine (10 μM), used as a positive control in the same batch of astrocytic membranes (Fig. 6c, right panel) . These data suggest that A 1 R-A 2 R heteromers are coupled to both G i/0 and G s proteins and not to a unique G q/11 protein.
G protein activity may be permanently modified by the binding of several toxins, thus these are useful tools to dissect out a differential receptor-G protein coupling in intact cells and to evaluate the functional consequences of G-proteinmediated-signaling blockade. GABA uptake assays were therefore performed using ChTx, which uncouples G s from the receptors due to ADP-ribosylation and permanent activation of the α S -subunit [25] , as well as using PTx, which catalyzes the ADP-ribosylation of the α G i/0 subunit and locks it in the GDP-bound inactive state thus preventing G i/0 protein activation [26] . Inhibition of either GAT-1-or GAT-3-mediated GABA uptake induced by the A 1 R agonist, CPA, was fully prevented by PTx, but, interestingly, this toxin also prevented A 2A R-mediated facilitation of GAT-1-and GAT-3-mediated GABA uptake (Fig. 6b) . Similar results were obtained in the reciprocal experiment using ChTx. In fact, the toxin prevented not only the facilitation of GAT-1-and GAT-3-mediated transport caused by the A 2A R agonist, CGS 21680, but also the inhibition of GABA transport mediated by the A 1 R agonist, CPA (Fig. 6c) . The ChTx and PTx data strongly suggest that the A 1 R-A 2A R heteromer is coupled to both G s and G i/0 proteins. The results also indicate that if one G protein (G s or G i/0 ) is blocked or receptor-uncoupled, both A 1 R and A 2A R agonists lose their effect upon GABA uptake. It seems that the A 1 R-A 2A R heteromer is the mediator of both the inhibitory and the excitatory effects triggered by, respectively, CPA and CGS 21680.
As a further approach, G i/0 , G S , or G q/11 activity was also measured by the CellKey label-free assay (see "Material and methods") in intact CHO cells transfected either with A 1 R, Immunocytochemistry was performed as indicated in "Material and methods" section and A 2A R-RLuc was labeled with the anti-RLuc antibody and A 1 R-YFP was detected by its fluorescence properties. Colocalization is shown in yellow. The quantification of receptor internalization after the exposure to ligands was determined by analyzing, for each condition, 40-50 cells from 12 different fields in three independent preparations by confocal microscopy. Scale bar 5 μm and it applies to all panels. Values are expressed as mean ± SEM A 2A R or both. In A 1 R-transfected cells, the signaling obtained upon A 1 R activation with the agonist CPA (10 nM) showed a G i/0 profile (increases in impedance) that was completely blocked when cells were treated with PTx. Impedance did not significantly change when cells were treated with ChTx (Fig. 6d, left panel) . In A 2A R transfected cells, the A 2A R agonist CGS 21680 (10 nM) induced a G s profile (decreases in impedance) that was completely blocked when cells were treated with ChTx but not significantly modified upon PTx treatment (Fig. 6d, middle panel) . Interestingly, in cells co- and methods" section. Toxins were pre-incubated with the astrocytes for 4 h and then removed prior to uptake assays. d CellKey label-free assays were performed in CHO cells stable expressing A 1 R (left), A 2A R (middle), or both (right), treated with medium, PTx (10 ng/ml) or ChTx (100 ng/ml) and stimulated or not with CGS 21680 (10 nM) or CPA (10 nM). Results are as mean ± SEM from four to eight independent experiments. Statistical significance was calculated by one-way ANOVA followed by Bonferroni multiple comparison test; *p<0.001 compared with control (100 %, left bar in a-c), **p<0.001 compared with cells treated with the agonist in the absence of the antagonist. NS, p>0.05 expressing A 2A R and A 1 R the impedance profiles obtained by activation with CPA (G i/0 profile) or CGS 21680 (G s profile) were fully blocked by either PTx or ChTx (Fig. 6d, right  panel) . These results strongly reinforce the notion that the A 1 R-A 2A R heteromer is coupled to both G s and G i/0 proteins. A transducing unit constituted by an A 1 R-A 2A R heteromer
The above-described data strongly supports the notion that the heteromer is coupled to G i/0 and G S and not to G q/11 . This arrangement predicts that the transducing system operated by adenosine receptors to modulate GABA transport into astrocytes is centered in the adenylate cyclase/cAMP/PKA cascade. To address the question of whether a single cAMP/PKAcentered transducing unit is able to both inhibit and facilitate GABA transport, we tested the influence of drugs known to interfere with this transducing pathway upon the effect of A 1 R and A 2A R receptor agonists on GABA transport. In addition, we also tested the blocker of phospholipase C (PLC), in order to evaluate a putative transducing pathway classically associated to G q/11 .
The inhibitory action of A 1 R agonist upon GAT-1 ( Fig. 7a ) and GAT-3 ( Fig. 7c) still occurred in the presence of PLC blocker U73122 (3 μM) [27] , but it was totally abolished by the blockade of PKA by Rp-cAMPs (100 μM) [28] . The activation of adenylate cyclase with a supramaximal concentration of forskolin (10 μM) [29] , per se, increased GABA transport and occluded the inhibitory effect of the A 1 R agonist (CPA) upon GABA transport (Fig. 7a, c) . The facilitatory effect of the A 2A R agonist, CGS 21680, was not affected by the PLC inhibitor, U73122, but was totally impaired by the PKA blocker, Rp-cAMPs. The adenylate cyclase activator, forskolin, mimicked the action of the A 2A R agonist and its facilitatory effect was not additive with that of CGS 21680, indicating a common mechanism (Fig. 7b, d ).
Discussion
The work now reported clearly shows that GABA uptake by astrocytes is under modulation by extracellular adenosine, which, by interacting with a functional unit constituted by A 1 R-A 2A R heteromers coupled to two distinct G proteins, G i/0 and G s , can either boost or depress the amount of inhibitory neurotransmitter available to neurons.
Using an adenosine analog, CADO, with high structural similarity to adenosine but with the advantage of not being taken up by the cells nor metabolized by ecto-enzymes, and after clearing up endogenous adenosine, we observed that submicromolar concentrations of the stable agonist inhibit GABA uptake while at low micromolar concentrations there is an enhancement of GABA transport. Considering that the affinity of adenosine for the A 1 R is slightly higher than for the A 2A R [8] , it is likely that the inhibition was mediated by A 1 R and facilitated by A 2A R. Accordingly, the A 1 R selective agonist, CPA, inhibited GABA uptake into astrocytes, while the A 2A R selective agonist, CGS 21680 facilitated it. Unexpectedly, the blockade of either receptor with selective antagonists prevented the effects mediated by either agonist, a strong indication that A 1 R and A 2A R are interacting at the molecular level in primary cortical astrocytes. Abundant evidence of A 1 R-A 2A R functional crosstalk has been described, namely, A 2A R activation attenuates A 1 R-mediated responses in the hippocampus [10, 11] , at the neuromuscular junction [9] , and in transfected cells [13] ; however, no attempt has been made to unequivocally and directly identify A 1 R-A 2A R heteromerization in neural cells. Thus, we looked for energy transfer in primary cultures of astrocytes transfected with cDNAs for A 2A R-RLuc and A 1 R-YFP. In these assays, a positive, specific, and saturable BRET signal for the energy transference between A 2A R-RLuc and A 1 R-YFP was detected in living primary astrocytes. Moreover, the heteromer in native astrocytes was detected by looking for a "fingerprint" which consists of changes in ligand binding characteristics of A 1 R when the A 2A R is activated. These results complemented and strengthened the evidence for A 1 R-A 2A R heteromerization in nontransfected astrocytes. Evidence for A 1 R-A 2A R heteromers in living tissues awaits further development of the already-available BRET-FRET near-infrared dot technology for in vivo imaging [30] , not yet developed for nervous system analysis.
As it is the case for GABA transporters in astrocytes [20] , membrane proteins usually recycle, being internalized and sent back to the membrane in a controlled way. Biotinylation assays showed that exposure to either A 1 R or A 2A R agonists led to decreases in surface expression of A 1 R, and to similar increases in the A 1 R levels in intracellular fractions. It then appears that binding of a single ligand to the heteromer, either A 1 R or A 2A R, is sufficient to promote internalization. The previous blockade of A 1 R or A 2A R prevents the internalization mediated by both A 1 R and A 2A R agonists, suggesting that internalization of heteromer in response to agonists is a consequence of heteromer overactivity. Confocal imaging of transfected HEK-293T cells confirmed that exposure to an A 1 R agonist led to internalization of not only A 1 R but also A 2A R and, conversely, exposure to an A 2A R agonist led to internalization of not only A 2A R but also A 1 R. Thus, in this aspect, A 1 -A 2A R heteromers behaved as the β2-adrenoceptor-δ-opioid [31] and μ-opioid-tachykinin NK1 [32] receptor heteromers but different from other heteromers whose protomers do not co-internalize [see 33]. It is technically difficult to know to what extent adenosine receptor internalization affects GABA transport in astrocytes. In fact, GABA transport into astrocytes is itself affected by inhibitors of arrestin-dependent endocytosis [20] that would be required to prevent adenosine receptor internalization.
Agonist exposure did not affect BRET, suggesting that agonist binding does not induce pronounced allosteric modifications in the receptors. It therefore appears that the A 1 R-A 2A R heteromer in astrocytes mostly works as an integral entity, leaving and probably also reaching the cell surface as a heteromeric structure. Furthermore, since antagonists did not modify the receptor levels at the membrane or the BRET signal, the loss of effect of one agonist upon previous blockade the other receptor cannot be attributed to heteromer disruption or formation. Cross-antagonism, which is considered a heteromer fingerprint [23] , is likely due to conformational changes induced by the antagonist and leads to a nonfunctional state of the signaling receptor by uncoupling it from G-protein-mediated signaling.
Heteromers may couple to G-proteins different from those to which each individual receptor partner usually couple. This is indeed the case of dopamine D 1 -D 2 receptor heteromer, which couple to G q/11 [24] in a clear shift from the canonical At low levels, adenosine binds preferentially to the A 1 R protomer of the heteromer, which will activate G i/0 protein, and through a mechanism that involves adenylate cyclase (AC), and PKA activity, leads to a decrease (minus sign) in GABA uptake mediated by GAT-1 and GAT-3. At higher concentrations, adenosine activates the A 2A R protomer of the heteromer inhibiting A 1 R and, through G s protein, couples to the AC/cAMP/PKA pathway, leading an enhancement (plus sign) of GABA uptake D 1 coupling to G s and D 2 coupling to G i/0 . To identify the transducing system operated by the A 1 R-A 2A R heteromer in astrocytes, we first used an approach similar to that used by Rashid et al. [24] , i.e., [ 35 S] GTP-γ-S binding followed by differential immunoprecipitation. Data obtained allowed to conclude that the A 1 R-A 2A R heteromer in astrocytes seems to be coupled to both G i/0 and G s proteins. Interestingly, the cross-antagonism was also evident in these assays. Thus, the A 1 R agonist, but not the A 2A R agonist, increased G i/0 activity, but the enhancement was also prevented when the A 2A R antagonist was present. Reciprocally, G s activation, which was restricted to the A 2A R agonist, was prevented when the A 1 R was blocked with the antagonist. Similar conclusions could be drawn from GABA uptake assays since toxininduced prevention of coupling of receptors to either G s or G i/0 led to reciprocal impaired function of A 1 R or A 2A R agonists to modulate GABA transport. The cross-inhibition of heteromer function by the toxins was observed both in cultured astrocytes and in heterologous cells co-expressing A 1 R and A 2A R, but not in cells expressing only one receptor subtype. Altogether, these data provide strong evidence for a heteromeric functional entity regulating GABA uptake by astrocytes. This functional unit consists of an A 1 R-A 2A R heteromer-G i/0 -G s complex, which signals through G s when the A 2A R protomer is activated and through G i/0 when the A 1 R protomer is activated. Most importantly, the blockade of a single partner in the complex led to adjustments in the whole unit. Since two GPCR molecules cannot bind to more than a single G protein [34] , we suggest that A 1 R-A 2A R heteromers in astrocytes are expressed as heteromers of homomers with a minimal structure consisting of an A 1 R-A 1 R-A 2A R-A 2A R complex, making possible to accomodate two different G proteins (Fig. 7e) . In fact, by BRET with a double luminescence/fluorescence molecular complementation approach, we obtained evidence for the expression of A 1 R-A 2A R heterotetramers in transfected cells (results sent for publication). The transducing system operated by the heteromer seems to involve the adenylate cyclase, consistent with the G protein data and the data obtained in the presence of forskolin or of the inhibitor of the PKA (Rp-cAMPs), both of which occluded the effects of the A 1 R or A 2A R selective agonists upon GABA uptake.
A tenfold rise in concentration of the nonselective ligand, CADO, was enough to gate A 2A R activation and engage a completely opposite modulation of GABA uptake. Assuming a near tenfold higher potency of CADO as compared to adenosine [35] , the shift from inhibition to enhancement of GABA uptake might occur at low micromolar concentrations of extracellular adenosine. These concentrations may be easily attained at a tripartite synapse, where considerable amounts of ATP and adenosine may be released from the astrocytic, the presynaptic or the postsynaptic components [36] [37] [38] . The higher the release of purines, as it may occur at high neuronal firing rates in reciprocal neuron-to-astrocyte communication at the tripartite synapse [see 39], the higher the expected concentration of extracellular adenosine. It is therefore likely that sustained neuronal firing promotes activation of the A 2A R protomer of the A 1 R-A 2A R heteromer leading to facilitation of GABA uptake. Activation of GABA uptake by astrocytes would lead to decreased ambient GABA and, consequently, to depression of tonic GABAegic inhibition, and enhancement of the excitatory tonus. Conversely, and according to the concentration-response curve for CADO to modulate GABA transport, at submicromolar adenosine concentrations, a preferential activation of the A 1 R protomer of the A 1 R-A 2A R heteromer might inhibit GABA uptake by astrocytes and enhance tonic inhibition by ambient GABA. Thus, through an adenosine action upon A 1 R-A 2A R heteromers, astrocytes may behave as dual amplifiers, facilitating excitation at intense astrocytic to neuronal signaling and increasing inhibition at low neuronal firing rates. This switch in neural activity may require a highly efficient control to avoid sudden state transitions, and this is most probably the main advantage of heteromerization of A 1 R and A 2A R in astrocytes. Indeed, overstimulation of just one of the receptor protomer leads to internalization of the whole functional unit. In what concerns GABA transport, the disappearance of the heteromer would constitute a brake in the system to avoid abrupt inhibitory signaling and/or sudden switch from excitation to inhibition as a consequence of desensitization of only the excitatory protomer.
Conclusions
We herein provide strong and complementary evidence that adenosine has a biphasic effect on GABA uptake, which is mediated by A 1 R-A 2A R heteromers coupled to both G i/0 and G s proteins. Extracellular adenosine acting on this A 1 R-A 2A R functional unit may operate in a concerted way to balance a PKA-dependent action on GABA uptake as indicated in the scheme of Fig. 7e . The neural output would most probably be inhibitory at low firing rates and facilitatory at high firing rates. We therefore disclose a so far unknown way through which adenosine by acting on adenosine receptors in astrocytes may significantly contribute to neurotransmission in a dual manner, which depends on the concentration of the nucleoside that in turn may depend on neuronal firing activity. This adds a novel conceptual way to understand the fundamental role of astrocytes at tripartite synapses.
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